As FlexRay communication protocol is extensively used in distributed real-time applications on vehicles, signal scheduling in FlexRay network becomes a critical issue to ensure the safe and efficient operation of time-critical applications. In this study, we propose a rectangle bin packing optimization approach to schedule communication signals with timing constraints into the FlexRay static segment at minimum bandwidth cost. The proposed approach, which is based on integer linear programming (ILP), supports both the slot assignment mechanisms provided by the latest version of the FlexRay specification, namely, the single sender slot multiplexing, and multiple sender slot multiplexing mechanisms. Extensive experiments on a synthetic and an automotive X-by-wire system case study demonstrate that the proposed approach has a well optimized performance.
Introduction
To meet the growing customer demands for safe and intelligent vehicles, today's automobiles use several electronic control units (ECUs) to execute various types of distributed applications. These ECUs require signal exchanges among each other via in-vehicle networks to support their functions. Currently, the most popular in-vehicle network protocol is the control area network (CAN) (Robert Bosch GmbH, 1991) . However, because of its low data rate and event-triggered nature (Navet et al., 2005) , CAN is incompatible with the latest real-time applications, such as X-by-wire (Bertoluzzo et al., 2004) , which require predictable and high bandwidth communication. Therefore, the FlexRay protocol (International Organization for Standardization, 2013) has been developed by a consortium of automotive manufacturers and suppliers to address the aforementioned issues. FlexRay provides both time-triggered static and event-triggered dynamic segments, and offers a bandwidth of 10 Mb/s. This communication protocol is expected to be the core of the next-generation in-vehicle communication networks.
Similar real-time applications will be available in the future (Lee et al., 2003) , and the amount of signal data on the FlexRay static segment will increase significantly. Therefore, the optimal signal scheduling that satisfies the timing constraints of each signal with minimum bandwidth cost becomes a critical issue in guaranteeing the operation of timecritical applications and in complying with high data volume demands of future automotive.
Communication in FlexRay takes place over a set of periodic cycles. Each cycle contains four segments, namely, static (ST) segment, dynamic (DYN) segment, symbol window (SW), and network idle time (NIT). ST segment employs the time-division Frontiers of Information Technology & Electronic Engineering www.zju.edu.cn/jzus; engineering.cae.cn; www.springerlink.com ISSN 2095-9184 (print) ; ISSN 2095-9230 (online) E-mail: jzus@zju.edu.cn multiple access (TDMA) scheme and is composed of a set of equal length slots. Signal scheduling in the ST segment involves assigning a special TDMA slot (identified by the pair of slot number and cycle counter number) for every instance of every signal according to both the timing and FlexRay protocolrelated constraints.
To support the efficient use of an ST slot, FlexRay provides a proprietary slot multiplexing mechanism that allows the alteration of frame contents being sent to this slot from cycle to cycle. Specifically, FlexRay 3.0 allows an ECU to configure a transmit/receive buffer for a set of slots sharing the same slot identifier in a configurable set of communication cycles. The configuration of the set of communication cycles is supported by the cycle counter filter criterion, which could cover all cycles. Therefore, FlexRay allows configuration of multiple buffers for the same slot, where each buffer corresponds to a frame content, thus enabling slot multiplexing. Slot multiplexing can be classified into single sender slot multiplexing and multiple sender slot multiplexing. This classification is based on whether the FlexRay slots of the same slot identifier but different cycle numbers are allowed for different ECUs.
Several studies on optimal scheduling in the FlexRay network have been performed. Pop et al. (2008) proposed a method to determine the timing properties of messages transmitted to FlexRay and optimization techniques to define a FlexRay bus parameter configuration that can guarantee that all time constraints of the messages are satisfied. Park and Sunwoo (2011) proposed another FlexRay network parameter optimization method to determine the lengths of the static slot and the communication cycle. Hu et al. (2014) proposed a holistic scheduling algorithm to handle real-time applications in a FlexRay network that schedules tasks and messages in a flexible way to enhance schedulability. Hua et al. (2014) proposed a holistic scheduling scheme to schedule a mixture of periodic and aperiodic tasks to guarantee that all periodic deadlines are met and that the response time for the aperiodic tasks can be as small as possible in the FlexRay network. However, schedule optimization that complies only with the timing constraints of signals is not sufficient due to the considerable increase in the volume of signal data on the FlexRay bus.
Similar to other time-triggered communication protocols, all ST slots constantly have the same length that is independent of the slot content. To optimize the use of FlexRay bandwidth, signals with different transmission periods are allowed to pack into the same slot in FlexRay. Based on this idea, the optimal scheduling that meets the time constraints of signals while minimizing bandwidth cost has been studied. Schmidt and Schmidt (2009) provided the frame packing and message scheduling methods. In their study, signals are first packed into message frames while maximizing the utilization; the obtained messages are then scheduled in the FlexRay ST segment while using a minimum number of slots. Kang et al. (2013) developed a frame packing algorithm to minimize the bandwidth consumption of the FlexRay ST segment. Tanasa et al. (2011) proposed a reliable frame packing method to ensure that none of the signals violate their deadlines while maintaining the desired reliability goal at minimum bandwidth cost. Zeng et al. (2011) presented an optimization framework that includes signal-to-frame packing and frame-to-slot assignment and task schedule, with the goal of minimizing the number of slots used. However, all the aforementioned studies merely focused on traditional signals packing and neglected the slot multiplexing mechanism, which is the most effective measure to improve the use efficiency of the FlexRay ST segment.
Recent studies have considered using the slot multiplexing mechanism on signal scheduling of FlexRay to further improve bandwidth utilization. Tanasa et al. (2012) proposed a new approach for the timing analysis of the event-triggered DYN segment while accounting for slot multiplexing. Schneider et al. (2011) proposed definitions for both sustainability and extensibility from the FlexRay slot multiplexing perspective. However, both studies (Schneider et al., 2011; Tanasa et al., 2012) considered the use of slot multiplexing only in the FlexRay DYN segment. Lukasiewycz et al. (2009) applied single slot multiplexing to the scheduling of the ST segment with the objective of increasing the utilization of the FlexRay bus. Grenier et al. (2008) studied the configuration of the FlexRay network ST segment. They provided solutions to verify the freshness constraints of the signals exchanged in the ST segment and then proposed a method to construct the optimal communication schedule using the single slot multiplexing mechanism. However, these studies neglected the more efficient multiple sender slot multiplexing mechanism (i.e., the FlexRay slots of the same slot identifier but different cycle numbers can be assigned to different ECUs), thereby severely limiting FlexRay performance on large-scale systems. To follow the upward trend of data volume growth on automotive networks, FlexRay 3.0 has improved the communication slot assignment mechanism, which allows multiple sender slot multiplexing to be used in the ST segment of FlexRay.
Moreover, in most of the abovementioned studies, the aspect of signal optimization scheduling was based on the assumption that the signal offset is 0. However, such an assumption is not in accordance with the actual situation of automotive applications; i.e., the time of signal is constrained by both lower bound (offset) and upper bound (deadline).
In this study, we propose a rectangle bin packing optimization approach to schedule communication signals into the FlexRay ST segment. Our approach computes an optimal communication slot assignment which ensures that each of the signals complies with its lower and upper bounds at minimum bandwidth cost. The proposed approach supports both the slot assignment mechanisms provided by the latest version of the FlexRay specification, including single slot sender multiplexing and multiple sender slot multiplexing, and signal packing. This approach is based on the integer linear programming (ILP) formulation. To date, this is the first study to use the multiple sender slot multiplexing technique on the optimal scheduling in the FlexRay ST segment.
Problem formulation

System model
The target model is a typical time-triggered in-vehicle system consisting of ECUs {E 1 , E 2 , …, E N } connected by the FlexRay bus. Each ECU E p is composed of a host, a FlexRay communication controller (CC), and a controller-host interface (CHI) between them (Fig. 1a) We further define the application cycle H app of the entire time-triggered system as the least common multiple (LCM) of the periods of all signals. It is sufficient to analyze the behavior of the signal scheduling in the FlexRay ST segment in only one application cycle, on the assumption that the first instance of each signal is ready for transmission before the first bus cycle. However, we consider that the signal has an offset relative to the beginning of the first FlexRay cycle in accordance with the actual situation of the automotive applications. The allowable latest time instant O i +D i of the first instance of a signal s i , which is relative to the start of the first FlexRay cycle, may be greater than that of the application cycle H app . Therefore, we should analyze the signal scheduling within the hyperperiod H, which is expressed as a multiple of the application cycle, with the constraints as follows:
In one hyperperiod H, each signal s i occurs H/T i times. Let 
FlexRay communication protocol
This section describes the entire process in which the signals generated by the host are transmitted to the FlexRay bus. Consider the example in Fig. 1 where three ECUs, E 1 , E 2 , and E 3 , send signals s 1 , s 2 , s 3 , s 4 , and s 5 using a FlexRay bus. The parameters of these signals are listed in the overall set of the signals (Fig. 1b) . Given these parameters, the values of application cycle and hyperperiod are 4 ms and 8 ms, respectively.
The communication that takes place in FlexRay is based on periodic cycles (Fig. 1c depicts eight communication cycles). Each cycle contains two major time intervals with different bus access policies, i.e., the ST and DYN segments. The ST segment is used to transmit the periodic and safety-critical data, whereas the DYN segment is mainly for the maintenance and diagnosis data. The focus of this study is optimal scheduling of the ST segment. The ST segment is composed of several slots; each slot is filled with a frame carrying the data signals of the applications. All the ST slots are of identical, statically configured duration, and all frames are of identical, statically configured length based on the characteristics of a particular automotive application. We denote l cycle , l ST , and l slot the durations of the cycle, ST segment, and static slot in milliseconds, respectively. n ST denotes the number of slots in the ST segment. Each frame consists of header and trailer segments, and a payload segment that is statically configured to carry b slot bytes. In the example in Fig. 1 , we assume that the values of l cycle , l ST , and l slot are 1, 0.55, and 0.0275 ms, respectively. The value of b slot is 16 bytes. We need only to study the signal scheduling within H/l cycle of the FlexRay communication cycle because it will repeat for all hyperperiods. In this example, the value of H/l cycle is 8.
Within the ST segment, a TDMA scheme is applied to coordinate transmissions. A specific TDMA slot (communication slot) in the ST segment of a specific communication cycle is assigned to a unique ECU for transmission by assigning the corresponding slot number and communication cycle number to the ECU. Therefore, signal scheduling in the ST segment intends to assign an individual slot (slot number and cycle number) for every instance of every signal based on both its timing and FlexRay protocol-related constraints. For each ECU, the set of all the transmission times (all pairs of slot and cycle numbers) assigned to all instances of all signals is called the schedule table. For each of these slot identifiers used in the schedule table, the CHI reserves one or more buffers depending on whether the system uses the slot multiplexing mechanism. The schedule table has to support all combinations of sets of slots through which the transmit buffers can be configured.
Signals are selected and placed into the associated ST buffer in the CHI according to the schedule table. At the beginning of each TDMA slot of each cycle, the CC verifies if the valid payload presents the Fig. 1a shows an example for scheduling the signals set in Fig. 1b For each of the slot identifiers used in the schedule table, the CHI reserves a buffer that is configured for all slots that share the slot identifier in all the communication cycles. Fig. 1a depicts the associated buffers in CHI. Buffers {1} and {2} are configured for slots 1 and 2, respectively, in all cycles. Before the transmission time for a signal instance, the host needs to place it in its associated CHI buffer. At the right time, the CC will read this buffer and transmit the payload data within it to the FlexRay bus. For example, signal instance 1 3 s is placed into buffer 1 before the slot 1 of cycle 1 starts. When the slot comes, the CC reads buffer 1 and transmits 1 3 s in a FlexRay frame format to the bus. Each signal instance is explicitly sent according to the schedule table of the ECU to which it belongs; five slots are used in this slot assignment scheme. Fig. 1c presents the detailed transmission process of each signal instance in the time-triggered system within the eight FlexRay communication cycles, which corresponds to the schedule tables in Fig. 1a . In this example, the ST slots are not effectively used because the slot multiplexing mechanism is not used in scheduling signals. In this case, an ECU will transmit the same frame content in all slots with this number in all cycles. For example, ECU E 2 transmits signal s 3 in slot 1 in only some cycles. However, assigning slot 1 in the other idle cycles to other signals with the same ECU but different periods and offsets (i.e., s 4 ) or with different ECUs (i.e., s 5 ) is not allowed because such a situation will lead to different frame content.
Slot multiplexing mechanism
Although the slot assignment scheme in Fig. 1a can meet the timing constraints of each signal instance in the aforementioned time-triggered system, this case is not the optimal solution in terms of bandwidth utilization. With the significant increase in the number of signals in the FlexRay ST segment, an optimal signal scheduling that satisfies the timing constraints of each of the signals while optimizing the minimum number of slots used is essential for future automotive networks with large volumes of data.
To support the efficient use of the ST bandwidth, FlexRay provides a proprietary slot multiplexing mechanism that allows the alteration of frame content being sent to this slot from cycle to cycle. Specifically, FlexRay 3.0 allows the ECU to configure a transmit/receive buffer for a single slot or for a set of slots that share the same slot identifier in a configurable set of communication cycles. The single sender slot multiplexing in FlexRay allows an ECU to transmit different frame content in the same slot in different cycles. Fig. 2a shows an example of applying the single sender slot multiplexing mechanism to schedule the same signals set as in Fig. 1a s of signal s 4 are scheduled in the same slot of cycles 1 and 5. Thus, two kinds of frame content will present in slot 1. One content, which consists of signals s 3 and s 4 , is sent every four FlexRay cycles starting from slot 1 of cycle 1, and the associated buffer is identified by {1, 1, 4}. The other content, which consists of a single signal s 3 , is sent every four FlexRay cycles starting from slot 1 of cycle 3, and the associated buffer is identified by {1, 3, 4}. At the beginning of slot 1 in cycle 1 or 5, the CC will be read by the buffer identified as {1, 1, 4}, and the frame content within it will be transmitted to the bus. At the beginning of slot 1 in cycle 3 or 7, the CC will be read by the buffer identified as {1, 3, 4}, and the frame content within it will be transmitted to the bus. Fig. 2b provides the detailed transmission process of each signal instance corresponding to the schedule tables in Fig. 2a . This example uses only three slot numbers by using the single sender slot multiplexing mechanism, thereby making effective use of available bandwidth.
Multiple sender multiplexing mechansim
The multiple sender slot multiplexing in FlexRay further allows several ECUs to transmit different frame content in the same slot in different cycles. Fig. 3a shows an example of applying the multiple sender slot multiplexing mechanism to schedule the same signal set as in Fig. 1a . In contrast to the slot assignment scheme in Fig. 2a, signal s of signal s 5 are scheduled in slot 1 of cycles 2 and 6. The slot assignments for the other signals remain the same. Therefore, a new frame content is available in slot 1, which consists of signal s 5 . The frame is sent every four FlexRay cycles starting from slot 1 of cycle 2; the associated buffer is then identified by {1, 2, 4}. In this example, the number of slots used is further reduced to two through the use of the multiple sender slot multiplexing mechanism.
The aforementioned examples illustrate that the optimal signal scheduling in the FlexRay network can be reached only with the extensive and effective use of the slot multiplexing mechanisms, particularly the multiple sender slot multiplexing added in the latest version of the FlexRay specification. Given that most current chips support only the single sender slot multiplexing mechanism, this study separately adopts each mechanism to optimize signal scheduling in the FlexRay ST segment.
Problem statement
Our problem statement is formulated as follows: Given the system model described in Section 2, based on its signal set S={s 1 , s 2 , …, s n s }, we employ two types of mechanisms, namely, the single sender slot multiplexing and multiple sender slot multiplexing, to construct an optimal slot assignment solution, respectively, such that the timing constraints of all the signals in the system are satisfied, including both the lower and upper bounds, and that the total number of slots used is minimized.
Signal scheduling optimization method
The goal of signal scheduling in the FlexRay ST segment is to determine the pair of a slot number and a cycle number for every instance j i s of each signal s i during one hyperperiod H. Therefore, a signal instance is the basic unit to which our optimization method allocates bandwidth source. In set I, the instances that belong to the same signal are placed together and sorted by the sequence of instances that occur, such that the first instance of each signal is ordered to the front. We assume that the total number of signal instances is n k . Consequently, we assign an individual slot (the pair of slot number and cycle number) for each signal instance τ k I with the objective of minimizing the number of slots used. This slot assignment problem is similar to a two-dimensional rectangular bin packing problem, where, given a set of rectangular items having individual height h and width w, the objective is to pack them without overlapping into a minimum number of identical rectangular bins, having height H and width W (Lodi et al., 2004; Puchinger and Raidl, 2007) . In our problem, each signal instance τ k I represents the rectangular item with a height of 1 and width of b k , and each ST slot corresponds to one bin with the width of the payload size b slot and height of the number of cycles H/l cycle within one hyperperiod H. Our objective is to determine both the slot number (bin number) and cycle number (the position in the corresponding bin) for each signal instance. However, slot assignment is more complex than general bin packing, because multiple constraints restrict the manner in which the bins can be covered, including both timing and FlexRay protocol-related constraints.
Integer linear programming formulation
In this section, we present the ILP approach to solve the particularly constrained two-dimensional bin packing problem that considers both single sender and multiple sender slot multiplexing mechanisms. where E p =1, 2, …, n and s=1, 2, …, n slot .
Optimization objective
The goal is to minimize the number of slots used in the FlexRay ST segment: The core of the slot multiplexing mechanism is its capability to allow altered frame content to be sent to a slot from cycle to cycle. Therefore, signals with different periods generated by the same ECU or several ECUs can be scheduled to the same slot depending on whether the slot multiplexing used is based on the single sender slot multiplexing mechanism or multiple sender slot multiplexing mechanism. The various instances of signals would constitute several kinds of frame content; the CHI supports slot multiplexing by providing configurable buffers with each corresponding to a kind of frame content. From a signal instance perspective, each instance τ k I can be placed in any slot in any cycle, as long as both its timing and FlexRay protocol related constraints are satisfied. We present the constraints related to timing requirements (Eqs. (9)- (15)) and the FlexRay protocol (Eqs. (16)- (21)) in the following paragraphs:
1. Timing constraints Section 2 discussed the requirement that a feasible slot assignment solution must ensure that the timing constraints of each signal be met. This process requires all the instances of a given signal be assigned to a slot after its offset and before its deadline. Consider the example in Fig. 1 where E 1 -E 3 send signals through the FlexRay bus. The durations of FlexRay (l cycle ) and ST segment (l slot ) are 1 ms and 0.0275 ms, respectively, the number of slots (n slot ) in the ST segment is 20, and the hyperperiod is 8 ms, which includes eight FlexRay cycles. In this example, we further consider a signal s 2 of an offset O 2 =0.23 ms, a deadline D 2 =2 ms, and a period T 2 = 2 ms. This signal generates four instances within one hyperperiod, which are denoted as (Fig. 4 depicts the first two instances of signal s 2 ).
Therefore, each instance can be assigned only to an ST slot in a range of the first available slot in the cycle in which it is generated and the last available slot in the cycle to which it must be sent. This range is called the 'feasible region' of this instance on the FlexRay bus, as shown in Fig. 4 . We analyze the feasible region on the FlexRay bus for the first instance s is going to expire is (O 2 +D 2 )/l cycle =2.23 ms/1 ms=2, and the last available slot in this cycle is ((O 2 +D 2 ) mod l cycle )/l slot −1=(2.23 ms mod 1 ms)/ 0.0275 ms−1=8.
Similarly, we calculate the first and the last available cycles and slots for the other instances, namely, Table 1 lists the results. We note that the interval between two neighboring feasible regions is an integral multiple of the FlexRay cycle duration (l cycle ) because l cycle is the greatest common divisor of all signal periods or an integer divisor of that value. Therefore, as long as we can assign a slot within its feasible region for the first instance of a given signal, and then simply assign the same slot of the different FlexRay cycles for the other instances in the interval of the period of the signal that generates them, all timing requirements of all instances will be met and the different frame content that should be generated will be reduced. As a result, the buffer resources will be economized and the complexity of the system design will be decreased. The following presents how the feasible region is computed for the first instance of all signals in the general case. For any such instance, τ k I with q k =1:
(a) The cycle sc k in which this instance is generated and the cycle fc k in which its deadline is about to miss are computed as follows:
The first available slot ss k in the cycle sc k and the last available slot fs k in the cycle fc k are computed as follows:
Under normal conditions, we simply need to send this instance between the first available slot ss k in the cycle sc k and the last available slot fs k in the cycle fc k . However, two types of special cases must be considered. One of these cases is when the value of the first available slot ss k is greater than the total number of slots n slot in the ST segment, because a FlexRay cycle also includes other segments (e.g., DYN segment). Therefore, this instance can be sent only after the first slot in the next cycle. We comprehensively calculate the allowable first slot ss k  and the cycle sc k  as follows: slot slot ss , ss , ss 0, ss ,
slot slot sc , ss , sc sc 1, ss
The other case is when the value of the available last slot fs k is greater than the total number of slots n slot in the ST segment or is smaller than 1; thus, this instance can be sent only before the last slot in the previous cycle. We comprehensively calculate the 
fc , fs 1, fc fc 1, fs 1 
The single sender slot multiplexing mechanism allows only the signals generated by the same ECU and shares one slot identifier through multiplexing cycles. Hence, the mechanism requires all slots sharing the slot identifier in all communication cycles to be owned by one specific ECU. Constraint (16) ensures that if an instance is placed in the slot in a specific cycle, then its source ECU must own the entire slot. Constraint (17) ensures that every slot identifier belongs to one ECU at the most. Constraint (18) limits the slot ownership to null if no instance is placed in this slot:
 , in which all instances are generated, and the minimum number of needed slots L s . This upper bound is thus calculated as follows:
Therefore, based on the two bounds, we replace n slot with the upper bound U s in all constraints in the aforementioned ILP and then add a new constraint:
Experimental results and discussion
We conducted extensive experiments by running our proposed ILP approach on synthetic test cases and an automotive X-by-wire system case study. The ILP solver for the special two-dimensional bin packing problem was the CPLEX solver version 12.5. The experiments were conducted using a Windows 7 computer running on an Intel Core i5 2.80 GHz processor with 8 GB memory.
The synthetic case studies were based on the following FlexRay configuration, which is in accordance with the configuration in the latest BMW X5 SUV: the duration of the communication cycle (l cycle ) is 5 ms, with 3 ms for the ST segment and 2 ms for the DYN segment, SW, and NIT. The ST segment is composed of 91 slots, with each slot having a payload of 16 bytes. The duration of the slots is 0.032 ms. The test cases were generated by varying randomly the signal parameters, such as periods, deadlines, offsets, and lengths, to cover a wide range of possible combinations. The periods of the signals vary between 1×l cycle and 8×l cycle and both the deadlines and offsets of the signals vary between 1×l cycle and 8×l cycle and are smaller than the corresponding period. The lengths of the signals vary between 1 byte and 8 bytes. We considered a system composed of eight ECUs, where each ECU generated 5, 10, 15, 20, and 25 signals, respectively. We experimented with 20 examples for each case. Fig. 5 shows the results of the scheduling using both the ILP approach based on the single sender slot multiplexing mechanism (ILP_SS) and the multiple sender slot multiplexing mechanism (ILP_MS). Fig. 5a shows the number of slots required by the ILP_MS, ILP_SS, and the non-optimization approach for the test cases. Fig. 5b shows the corresponding runtime for both the ILP_SS and ILP_MS. As observed in Fig. 5a , both ILP_MS and ILP_SS outperform the non-optimization approach in all test cases, and ILP_MS typically achieves the best results. As the number of signals increases, the slots saved by either ILP_MS or ILP_SS become even more significant. As shown in Fig. 5b , the runtime of both ILP_MS and ILP_SS depends on the characteristics of real-time applications, i.e., the number of signals.
In our experiments, a timeout of 3600 s was used. For the cases with 40, 80, and 120 signals on the FlexRay bus (each ECU generating 5, 10, and 15 signals), the solver returns the optimal result in a significantly limited amount of time. For the case with 160 signals, the solver returns the optimal result in longer running times. For the case with 200 signals, the solver returns a result that uses one more slot than the lower bound.
To show the advantage of the proposed approach, we also considered an automotive X-by-wire system case study. We compared the performance of the ILP_MS approach with the existing methods described by Lukasiewycz et al. (2009) and Tanasa et al. (2011) in this real-life case. These three approaches represent three different ideas on optimal scheduling in the FlexRay ST segment.
The X-by-wire system consists of 11 ECUs and a total of 128 signals. Table 2 shows the signal characteristics, including the ECU that generated the signal, the offset, the period and deadline of the signal, and the size of the signal. The last column depicts the number of signals with those characteristics that were generated from the same ECU. The FlexRay bus configuration is as follows: the durations of the communication cycle, the ST segment, and the ST slot are 1 ms, 0.8 ms, and 0.032 ms, respectively. The ST segment is composed of 25 slots, with each slot having a payload of 16 bytes.
The results of scheduling using the three approaches are presented in Table 3 . Tanasa et al. (2011) studied the reliability and schedulability problems of signal transmission in the FlexRay network with the objective of minimizing the bandwidth cost. Their approach consists of the following components: packing signals into frames, computing the number of times each frame must be retransmitted to guarantee the desired reliability level, and scheduling each frame to a separate slot in the ST segment such that the deadlines are met. In this case study, we focused on the parts of their approach that involved schedulability, without considering frame retransmissions. Using their approach, all signals are packed into 24 frames, and these obtained frames are assigned to 24 slots accordingly. Lukasiewycz et al. (2009) tried to improve bandwidth utilization by employing the single slot multiplexing mechanism on signal It is important to note that the signal offsets in their approach are simply assumed to be zero. To compare the optimal performance levels, we added the constraints related to the offsets of the signals in their ILP approach. The results obtained by their approach show that the number of obtained frames is still 24, while the number of slots that have to be allocated for these frame transmissions is reduced from 24 to 17, because it allows an ECU to transmit different frame content in the same slot in different cycles. By comparison, our ILP_MS approach combines the more efficient multiple sender slot multiplexing mechanism (i.e., it allows several ECUs to transmit different frame content in the same slot in different cycles) and signals packing to optimize bandwidth utilization; thus, it produces the best results with the same number of frames, but with only 12 allocated slots.
Conclusions
We presented a rectangle bin packing optimization approach based on ILP that is capable of scheduling communication signals with timing constraints into the FlexRay ST segment at minimum bandwidth cost. The proposed approach supports both slot assignment mechanisms provided by the latest version of the FlexRay specification, namely, the single sender slot multiplexing and multiple sender slot multiplexing mechanisms, by using their respective special constraints and rules. We conducted extensive experiments on synthetic test cases. Our experimental results showed that the proposed approach, based on whether single sender slot multiplexing or multiple sender slot multiplexing mechanism, can achieve a well optimized performance. Additionally, we examined an automotive X-by-wire system case to emphasize the superior performance of the proposed approach compared to those of existing optimal scheduling approaches.
